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ABSTRACT

Various PN codes for use in TTC spread-spectrum systems are considered. The
evaluation is based on peak magnitudes and amplitude distributions of both the even and
the odd autocorrelation and crosscorrelation functions. Furthermore the influence of the
phase of a sequence on the correlation parameters is studied, multiple-access
characteristics in terms of the total interference parameter are evaluated and synchronous
as well as asynchronous code generation is considered.1
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1   INTRODUCTION

For various reasons, direct-sequence spread-spectrum multiple-access (DS/SSMA)
systems have been proposed and are currently considered for TTC systems (e.g. by
ESA). In addition to other advantages such techniques can solve significant interference
problems with common used modulation techniques. They provide high protection
against external and internal interference and operate at low power flux density levels.
For use in TTC systems good correlation and multiple-access properties of the
pseudonoise (PN) codes are required. To characterize their performance, various key
parameters should be evaluated such as even and odd correlation functions, initial phases,
multiple-access parameters, synchronous (Chapter 3) and asynchronous (Chapter 4) 
“code generation". In accordance to the requirements of a typical TTC system, PN codes
up to length N = 1023 are considered and K = 10 simultaneously transmitting users are
assumed.



2   KEY PARAMETERS

An asynchronous DS/SSMA system supporting K users is shown in Figure 1. The signal
of the k  user is given byth

(1)

where the code waveform a (t) and the data signal b (t) are both sequences of rectangulark      k

pulses of amplitudes +1 or -1. P is the common signal power for each user, T  is thec

common carrier frequency and 1  the k  signal phase. It is assumed that the same powerk
th

is received from any other user and that the delay J  is randomly distributed.k

For further discussion let u and v be two {-l, +1}-valued PN codes of the set of K binary
sequences of period N = 2  - 1 where n is the length of the linear feedback shift registersn

(LFSR) which generate the PN sequence. Then the aperiodic crosscorrelation function
C (l) for u and v is given by:u,v

(2)

2.1   Autocorrelation functions

Good autocorrelation properties are required to achieve proper acquisition and to
maintain synchronization. Assuming “synchronous code generation” (i.e. exactly one bit
is modulated onto the entire PN code) two autocorrelation functions (ACFs) are given by
(see Figure 2):

• For b  = b : The periodic or even autocorrelation function (EACF) 1 (l) = C (l) +i-1  i         u,u   u,u

  C (l - N), 0 # l # N - 1 with the peak magnitude 1  max{*1 (l)* : 1 # l # N - 1}.u,u               a u,u

• For b  = -b : The odd autocorrelation function (OACF) :Ô (l) = C (l) - C (l - N), 0 i-1  i       u,u   u,u   u,u

     # l # N - 1 with the peak magnitude :Ô  = max{*:Ô (l) : 1 # l # N -1}.a  u,u

Note that the amplitude distribution does not depend on the phase of the sequence which
corresponds to a particular initial loading of the LFSR.
The OACF depends strongly on the phase of the sequence. Thus, a proper selection of
the phase can yield significant reductions in the peak magnitudes of the OACF without
influence on the EACF. The “best” phase with respect to :Ô  is the so-called AO/LSEa

phase (auto-optimal phase with least sidelobe energy) introduced by Massey and Uhran



[3]. It is characterized by the minimum :Ô  over all phases and by the minimum number ofa

occurence of that peak magnitude with “least side-lobe energy”. In [7] a procedure for
searching this AO/LSE phase is described.

2.2   Crosscorrelation functions

Analogue to the ACFs, two crosscorrelation functions (CCFs) are considered:

• The periodic or even crosscorrelation function (ECCF) 1 (l) with the peak magnitude u,v

     1  = max{*1 (l)* : 0 # l # N - 1.c  u,v

• the odd crosscorrelation function (OCCF) :Ô (l) with the peak magnitude :Ô  =u,v      c

max{*:Ô (l)* : 0 # l # N - 1.u,v

As before the phase of the sequence does not influence the ECCF but the OCCF. Since
optimum phases with respect to the OCCF are generally not AO/LSE phases, the phase
optimization is restricted on the search of the AO/LSE phases.

2.3   Multiple user interference

Assuming simultaneously transmitting users of equal power, additive white Gaussian noise
and the random character of the multiple-access, the signal-to-noise ratio SNR  for thei

i  correlation receiver after despreading is given by [2]:th

(3)

where SNR  is the original signal-to-noise ratio without the effect of multiple-access0

interference. SNR   = %2E /N  where E  is the energy per data bit, N  the one-sided noise0   b 0  b       0

spectral density and R  the total interference parameter (TIP) for the i  user assumingi
K        th

K transmitting users:

(4)

where J  is the average interference parameter between the i  and k  user, defined byk,i
th  th

(5)



Thus, considering the TIP sets of good codes for simultaneous use can be chosen. For
characterizing the total system performance the overall average interference parameter RT

av

is evaluated [5].

(6)

The system degradation * due to the multiple-access is defined as

(7)

For antipodal signaling the bit-error rate P  at the i  correlation receiver can be very goodb
th

([2]) approximated by P  = Q(SNR ).b  i

3   EVALUATION FOR VARIOUS PN CODES

The key parameters are calculated for “synchronous code generation”. The results are
summarized in Table I and II. The results of column 2 through 4 of Table I and of column
2, 3 and 6 of Table II are also given in [1]. The tables contain the code family size N  ands

the maxima of the peak magnitudes of the EACF, the OACF, the ECCF and the OCCF.

3.1   M-sequences

It is known that m-sequences have ideal EACFs (1  = 1) and that they are balanced (i.e.a

the number of “1’s” in the sequence exceeds the number of “0’s” only by one).
Figure 3 shows the amplitude distributions of the CCFs for 7 pairs of m-sequences of
period N=255. Each pair consists of the m-sequence generated by the shift register
polynomial (561)  (octal notation according to [1]) and of one of the 7 other m-sequences8

as given in Figure 3. All sequences are in AO/LSE phases. It can be seen that the ECCF
provide quite high peak magnitudes which are larger than those of the OCCF.
In order to choose the best set of sequences with respect to the MA behaviour the
procedure of El-Khamy [5] is applied ([10]): The TIPs are calculated for N /2s

m-sequences in AO/LSE phases (note that reciprocal m-sequences should be omitted in
an MA system). Then the sequences are ordered according to increasing values of R .i

Ns/2

The first 10 sequences of the ordered set are selected constituting the best set. Table III
shows the normalized R ’s for the selected sets in comparison with the correspondingav

10

parameter of purely random sequences. It can be seen that there is almost no difference
between the best sets of 10 sequences and random sequences.



3.2   Gold-sequences

They exist for n … 0 mod 4, the family size is N + 2 and they provide quite low peak
magnitudes of the EACF and the ECCF [1]. Many of the Gold sequences are balanced
[4]. In the following only the balanced ones are considered.
The AO/LSE phases as well as (:Ô )  (see Table II) are calculated up to length 1023. Ina max

Figure 4 the histograms of the amplitude distributions of the CCFs are given for Gold
codes generated by the shift register configuration (211 - 217)  which is a preferred pair of8

m-sequences. The period is N=127 and all codes are in AO/LSE phases. Note that the
various Gold codes of one family are characterized by the delay of the two generating
m-sequences [1]. Figure 4 shows the characteristic three-valued ECCF of Gold codes.

The normalized R ’s of sets of 10 Gold codes are listed in Table III up to period 1023.av
10

In order to reduce the computational effort only a portion of the 513 and 1025 Gold
codes of length 511 and 1023, respectively, were taken into account [10]. Best sets of 10
sequences perform considerably better than sets of random sequences.

3.3   Kasami-sequences

Sequences of the small set of Kasami sequences exist for n even. Their code family size
is 2  and none of them is balanced. The amplitude distributions of the ECCF and of then/2

OCCF of sequences of length 255 are presented in Figure 5 for sequences generated by
the shift register configuration (435 - 23) . They are in AO/LSE phases and are8

characterized by the delay [1].
As for Gold codes the peak magnitudes of the OACF of sequences with AO/LSE phases
are calculated up to length 1023 (results in Table II). Evaluating the TIP shows that the
MA behaviour of Kasami sequences is similar to that of Gold sequences (Table III)
although the peak magnitudes of the ECCF are smaller than for Gold codes. A reason for
this might be that the number of occurrence of the peak magnitudes is higher than in the
case of Gold codes.

4   ASPECTS OF ASYNCHRONOUS CODE GENERATION

We speak of asynchronous code generation, if a data bit is not exactly modulated over
the entire PN code of length N, but over B chips of the PN sequence with B … N.

4.1   Systems with B Greater than N

Assuming correlation over the whole bit length B all peak magnitudes of the correlation
functions will increase by a factor B / N compared to a correlation over the PN sequence
of length N. Also the MA performance becomes worse as is shown in [8] considering



random sequences. For B = MN, J  = 2B (2/3M + 1/(3M)) compared to 2B  for systemsk,i
2      2

with B = N. In [8] it is shown that in systems where B and N are relatively prime, the J ’s k,i

become substantially greater than 2B .2

4.2   Systems with N Greater than B

In systems where N is greater than B, peak magnitudes of all correlation functions are
carried out [10]. As an example Figure 6 shows the peak magnitudes of the partial ECCF
of various Gold codes as a function of the correlation length B. Compared to
synchronous code generation the partial peak magnitudes are considerably larger if B … N.
Thus, the good properties of Gold codes with respect to 1  and 1  get lost.a  c

In [9] it is shown, that Gold codes have not a worse MA behaviour if B > N than if
B = N. Even a slight reduction of the bit error rate can be expected. The influence of the
initial loadings vanishes and for longer periods (N $ 511) the performance will be close to
that of random sequences.

5   CONCLUSION

M-sequences, Gold sequences and sequences from the small set of Kasami sequences are
compared with respect to various criterions.
Although m-sequences have ideal EACFs, many pairs of m-sequences provide
undesirably high peak magnitudes of the ECCFs. Gold codes are shown to have good
correlation functions with low peak magnitudes and acceptable amplitude distributions.
Kasami sequences provide smaller peak magnitudes of the even correlation functions than
Gold codes, but are not balanced. Their family size may be too small.
In Figure 7 the degradation of the best sets of sequences for the considered code types
are shown. M-sequences (denoted as “M”) perform like random sequences, the optimized
sets of Gold and Kasarni codes (denoted as “G” and “K”, respectively) provide a better
MA performance than random sequences. However, these differences vanish increasing
the code period. For longer codes (N > 1023) the optimization with respect to the TIP is
negligible.
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Figure 1: Asynchronous DS/SSMA system



Figure 2: Autocorrelation of a PN sequence

Table I: Key characteristics of m-sequences

Table II: Key characteristics of Gold and Kasami sequences



Figure 3: Amplitude distributions of the CCFs of m-sequences of period 255

Figure 4: Amplitude distributions of the CCFs of Gold-sequences of period 127



Figure 5: Amplitude distributions of the CCFs of Kasami-sequences of period 255

Table III: Overall average interference parameters of best sets of 10 sequences



Figure 6: Partial ECCF of Gold codes as a function of the correlation length B

Figure 7: Degradation * of the system due to multiple-access for various
I sequences (M = m-sequences, G = Gold-codes and K = Kasami codes)


